This note examines the effect of interfacial roughness on the initiation and growth of channel cracks in a brittle film. A conformal film with cusplike surface flaws that replicate the substrate roughness is investigated. This type of surface flaw is relatively severe in the sense that stress diverges as the cusp-tip is approached (i.e., there is a power-law stress singularity). For the geometry and range of film properties considered, the analysis suggests that smoothing the substrate could substantially increase the film's resistance to the formation of the through-the-thickness cracks that precede channel cracking. However, smoothing the substrate's surface has a relatively modest effect on the film stress needed to propagate a channel crack.
reached the interface and then extend by 3-D channeling across the film surface. The thin elastic film is defined by its thickness t, Young's modulus E f , and Poisson's ratio ν f while the thick substrate is defined by its Young's modulus E s and Poisson's ratio ν s . The film is subjected to a biaxial tensile stress σ that is generated by film shrinkage ε o relative to the substrate (e.g., as generated by uniform cooling when there is a mismatch in film/substrate coefficients of thermal expansion). In the present study the case of a compliant film (E f ≤ E s ) on a thick substrate is considered (i.e., the substrate fully constrains film shrinkage when there is no crack) and the nominal, uniform thru-the-film thickness biaxial misfit stress is given by
A nondimensional driving force for crack extension Z has been used as a unifying parameter that depends on the cracking pattern and Dundurs' elastic mismatch parameters α and β (Hutchinson and Suo 1991) . For plane strain
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and G is the energy release rate/unit thickness. Note that Dundurs' elastic mismatch parameters α and β for plane strain can be expressed in terms of the film/substrate elastic properties as
s ) The current effort extends previous work to include thin conformal films that are deposited on a rough substrate. Rough surfaces can be generated using common machining techniques such as cutting or grinding as well as by surface preparation techniques like abrasive grit blasting. A conformal coating can be applied to such rough surfaces using chemical vapor deposition, sputtering, or other methods of this type. The goal of this work is to examine how interfacial roughness can affect the initiation and growth of channel cracks. This work is complementary to other efforts that have focused on crack growth along a rough interface (Evans and Hutchinson 1989; Cordisco et al. 2014 Cordisco et al. , 2012 Zavattieri et al. 2008 Zavattieri et al. , 2007 Reedy and Cox 2013; Reedy 2008; Lin et al. 2014 ). Figure 1 shows the plane strain, 2-D conformal coating geometry analyzed. The coating roughness is periodic, with the bump geometry defined by the film thickness t, bump height h, and bump width c (Fig. 1a) . The bumps are formed from intersecting circular arcs (i.e., each bump is a segment of a circle with a bump radius that equals (4h 2 + c 2 )/(8h)). The unit cell has a width L and contains n bumps (n is an even number and equals L/c, see Fig. 1b ). A crack of depth a emanates from the midpoint cusp-like surface flaw (i.e., the film contains a set of periodic surface cracks of depth a that are normal to the surface and separated by a distance L). The solution will approach the limit of non-interacting cracks when L/t >> 1. Also note that the interface is planar when h = 0 and c = L. The present study is focused on the case of a compliant film (E f ≤ E s ) and two problems are considered: (1) a plane strain surface crack that extends in a self-similar way towards the interface, and (2) 3-D channel cracking across the film surface for the case where the channel crack extends to the interface.
Conformal coating geometry and finite element analysis
The solution to both the surface cracking and the channel cracking problem can be obtained by performing linear elastic, plane strain finite element analyses using the model described in Fig. 1 . Symmetry conditions are applied so that only 1/2 of the unit cell width is analyzed, and t s = 10t. The left and right edges are fixed against horizontal displacement and the displacement at the bottom edge of the thick substrate is fully constrained. The film is loaded by applying a uniform shrinkage (mismatch) strain ε o . Three different material combinations are considered: (1) elastically homogeneous (α = β = 0), (2) an intermediate case (α = −0.35, β = −0.12), and (3) when the substrate is rigid (α = −1, β = −0.33 where the choice of β is inconsequential when the substrate is rigid).
Results

Nature of stress state at the tip of the cusp
Even though a cusp-like flaw of the type shown in Fig. 1a is not a true crack, one might expect that it would generate a significant stress concentration. Indeed, the stress state appears to be singular. Figure 2 plots the normal stress σ n along the line that bisects the cusplike flaw as a function of distance from the tip of the cusp (normalized by the film stress σ as defined in Eq. 1 and film thickness t, respectively). These results are for the case of a rigid substrate and for c/t = 2.5. Here the level of surface roughness is characterized by the value of h/t (in the following all length parameters are scaled by t since it is well-defined for both flat and rough surfaces, but an alternate definition in terms of h/c is readily determined from the specified c/t and h/t values). The plot shows that there is a region of power-law divergence as the tip is approached (i.e., as r/t− > 0, Fig. 1a ). The points that lie on a solid line are those used in the power-law fits shown in the figure.
There is a weak power-law stress singularity (−0.09) when h/t = 0.05 and the surface is comparatively smooth. However, the stress singularity approaches that of a crack (−0.4 vs. −0.5) when h/t = 0.35. This suggests that a conformal coating with cusp-like flaws may be a good example of a case where roughness generates significant stress concentrations and perturbs the uniformity of the thru-the-thickness film stress. The stress in front of the cusp is elevated over a distance of ∼ t/4 when h/t = 0.35 (Fig. 2) . Nevertheless, it should be emphasized that the energy release rate at the tip of the cusp is zero (because the strength of singularly is weaker than −1/2).
Surface crack initiating from a cusp-like flaw
A series of calculations were performed to investigate how the governing parameters influence the nondimensionalized driving force for a surface crack. A small crack with a/t = 0.05 was inserted at the root of the midpoint cusp-like surface flaw (Fig. 1b) . This enables a linear elastic fracture mechanics analysis (i.e., there is a pre-existing crack). Note that this relatively small crack is embedded within the region dominated by the singular field generated by a cusp-like flaw (Fig. 2) . The intent is to analyze a high quality coating that con- tains only small intrinsic cracks that tend to align with the cusp-like flaws introduced by coating a rough substrate. This plane strain analysis assumes that the crack length (normal to the 2D section analyzed) is several times the film thickness t (i.e., not considering equiaxial cracks). The nondimensionalized driving force for a surface crack Z sc can be expressed as
where G is the energy release rate/unit thickness for the straight-ahead, quasi-static advance of a surface crack as it extends towards the interface, and Z sc = Z sc (α, β, L/t, h/t, c/t, a/t) . Z sc values are readily determined by performing a plane strain finite element analysis of the case of interest by determining the associated G via a J-integral evaluation. Figure 3a shows how Z sc depends on bump height h/t and crack spacing L/t (with α = −0.35, β = −0.12, c/t = 2.5). The calculated value of Z sc is a strong function of h/t and increases as the bump height increases. This behavior is consistent with the observation that the strength of the singular stress state is also a strong function of h/t (Fig. 2) , and that higher cusp-tip stress generates a higher energy release rate. This result suggests that smoothing the surface of a substrate with cusp-like surface flaws could significantly increase the resistance to crack initiation. As anticipated, Z sc is a weak function of crack spacing L/t since the perturbation introduced by the small cusp-tip crack is limited to a small region. The dependence of Z sc on bump width c/t is not as apparent (Fig. 3b , with α = −0.35, β = −0.12, h/t = 0.35). Calculated values of Z sc are similar when there are many small bumps (c/t = 1, L/t > 10) and for a few wide bumps (c/t = 5), while the calculated Z sc is highest for the intermediate value of c/t = 2.5). There is presumably a tradeoff between the strength of the cusp-tip singularity and the size of the region subjected to high stress. Again, Z sc is a weak function of crack spacing. Lastly, Fig. 3c shows how Z sc depends on material mismatch parameters α, β (with h/t = 0.35, c/t = 2.5). There is only a relatively modest decrease in Z sc when a substrate with the same elastic properties as the film (α = β = 0) is replaced with one that is rigid (α = −1, β = −0.33). This is as anticipated since elastic mismatch between film and substrate should have a small influence on the relatively remote cusp-tip stress field (and as before, Z sc is a weak function of L/t). Note that for the case of a small initial crack (i.e., a/t = 0.05), Z sc will increase as the crack begins to propagate (Beuth 1992) , and unstable, crack growth will commence. For example, when α = −0.35, β = −0.12, h/t = 0.35, and c/t = 2.5, Z sc is ∼ 15 % higher when a/t is increased from 0.05 to 0.10. Here it is assumed that the crack arrests at the interface (i.e., no crack-tip delamination or substrate penetration) and any further growth is associated with channeling across the film. First consider the case of steady state channel cracking where there is an array of equal length, parallel cracks with spacing L (Fig. 4 with l 1 = l 2 ). The channel cracks extend through the film to the interface and there is no crack-tip delamination or substrate penetration. Once steady state channel cracking is realized, the energy release rate/unit thickness G ss along the curved crack front is constant with all points along the front having the same value (the shape of the crack front is determined by this requirement). As noted by Beuth (1992) , G ss can be evaluated by subtracting the strain energy stored in a unit slice of the unit cell that is far behind the crack front from that far ahead where the difference is normalized by film thickness (i.e., the 3-D steady-state channel cracking solution is determined by solving two related plane strain problems). The nondimensional driving force for channel cracking when all the cracks have equal length and are parallel with spacing L can be expressed as
where Figure 5 shows how the calculated Z cc depends on bump height h/t, crack spacing L/t, and elastic mismatch parameters α, β (for a fixed value of bump width, c/t = 2.5). Note that L/t only takes on discrete values since channel cracking is assumed to initiate only at the location of cusp-like flaws. Elastic mismatch has a strong effect on Z cc , where Z cc decreases as the substrate approaches the rigid material idealization (i.e., less energy is released during channeling when the sub- strate is rigid). There is a modest decrease in Z cc when the film is smooth (for compliant substrates). One might expect that bumps have a secondary effect on Z cc since channeling depends on the strain energy released by a crack that extends all the way to interface, while the bumps perturb the stress field over a region of ∼ t/4 (Fig. 2) . Crack interaction effects are most prominent when the substrate is compliant, and in these calculations such effects diminish once the crack spacing L/t > 10 (i.e., when there are four bumps between cracks). For the type of roughness considered here, smoothing the surface of the substrate is expected to have relatively modest effect on the initiation of channel cracking. Note that he channel cracking analysis can be extended to multiple, parallel, interacting channel cracks (Hutchinson and Suo 1991) . This is accomplished by first assuming that there is an existing array of very long, parallel cracks with spacing 2L (Fig. 4,  l 1 >> L) . A new set of growing channel cracks is then assumed to nucleate half-way between the existing channel cracks (i.e., crack spacing reduced from 2L to L). The value of G ss at each crack front of the new, growing channel cracks is determined by using the results for the case of an array of parallel cracks that all have the same length 
β, L/t, h/t, c/t).
Likewise the increase in channel crack density with increasing film stress σ is determined by setting G ss = Γ in Eq. 6.
The possibility that a small plane strain surface crack, once it extends to the interface, will continue to grow by channeling across the film can be assessed using Eqs. 7 and 8. For example, Fig. 6 plots results for the case of relatively large bumps (h/t = 0.35, c/t = 2.5, a/t = 0.05). The film stress needed to initiate the growth of an isolated surface crack (as t/L approaches 0.0) from a cusp-like flaw exceeds that needed to propagate a steadily growing channel crack when the film has the same elastic properties as the substrate (α = β = 0, Fig. 6a ) and also when the substrate is rigid (α = −1, β = −0.33, Fig. 6b ). Consequently, the expectation is that once an isolated surface crack begins to grow, it will extend towards the interface and then transition to a channel crack without a further increase in film stress. The results also suggest that for modest elastic mismatch, it may be necessary to increase the film stress beyond that needed to initiate the growth of a surface flaw to reach the limiting channel cracking density with a channel crack at each cusp (e.g., when α = β = 0).
